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2 SOI as the main contributor to the model. Spectral analyses showed that catch peaks 27 coincided with a four year La Niña cycle. One-and two-year time lags (consistent 28 with S. Serrata's life cycle) were also significantly correlated to SOI values and 29 rainfall. These outcomes may assist fishery managers in planning fishing exposure 30 period and duration. Furthermore, findings of this study provide information on the 31 vulnerability of S. serrata to fluctuations in environmental conditions and can help to 32 apply protective measures when and where necessary. 33 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 how this important species varies in its population characteristics and preferences for 52 environmental conditions throughout its range. 53 S. serrata abundance appears to be strongly linked with the prevailing 54 environmental conditions during their life history, especially during the larval and 55 juvenile phases (Ruscoe et al., 2004) . S. serrata fisheries are typically subject to high 56 fishing mortality rates, with little carry over of stock from one year's cohort to the 57 next (Lebata et al., 2009 ). This combination of factors can result in extreme inter-58 annual variation in S. serrata catches. For example, the years 2000 and 2001 saw 59 record S. serrata catches in northern Australia, presumably due to a combination of 60 high fishing effort and favourable recruitment in the preceding years. This peak was 61 followed by a significant decrease in catch. This phenomenon is thought to be due to 62 one or more environmental drivers, such as rainfall/river flow or water temperature. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 was negatively correlated with salinity (24-35 ppt) but positively correlated with 77 temperature (Williams and Hill, 1982) . reduce the severity of cannibalism (which is a strong mortality factor in brachyuran 84 crabs high-density environments), and burrow competition such that juveniles prosper 85 and overall S. serrata abundance increases (Møller et al., 2008) . 86
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Environmental data 173

Rainfall data 174 175
We analysed mean monthly rainfall data (in mm) within each catchment area 176 using a 5-km rainfall grid for Australia, covering the years 1990 to 2008. Data were 177 provided by the Bureau of Meteorology (BOM). The original ASCII data were 178 converted into raster data in ArcGIS 9.3, then converted into point data and 179 intersected with selected catchment areas to calculate rainfall data for each catchment. 180
The mean of rainfall points per catchment area was used to calculate monthly mean 181 rainfall per catchment area. The catchment area was based on the Australian River 182
Basin 1997 information (Geoscience Australia, 2005) . 183 184 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 converted into shapefiles in ArcGIS 9.3 and monthly mean values calculated for each 217 river system. It was assumed that water surface temperature in the estuaries was 218 similar to water temperature within a 20-km radial proximity to the river mouth. 219
Freshwater flow data 185
Points with a 20-km buffer were generated along the river mouth and data points that 220 fell within this buffer were selected to generate monthly mean, minimum and 221 maximum SST. Criterion), contained a random intercepts term and a random slope term for lagged 251 SOI alone. Alternatively, the data was analysed using a fixed categorical variable, i.e. 252 seasons (wet and dry), instead of the random seasonal covariate terms; lagged SST 253 and lagged log rainfall. 254
Spectral (Fourier) analyses were undertaken to explore cyclical patterns in the 255 data. The purpose of the analysis is to extract cyclical components from complex time 256
series into a few underlying sinusoidal (sine and cosine) functions of particular 257 wavelengths (Shumway, 1988; Bloomfield, 2005) with the Fourier analysis being one 258 of the most important signal processing methods. Analyses of the monthly S. serrata 259 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 rainfall (using average data for wet and dry seasons) lagged by one season and annual 296 maximum SOI values (La Niña phases). These two variables explained 30-40% of the 297 catch variability for four of the river systems studied. Linear models for monthly S. 298 serrata catch data and three climate factors (temperature, rainfall and SOI) showed 299 similar regression slopes for the Gulf of Carpentaria systems. Relationships between 300 8-9 month lagged SOI and log-transformed CPUE ranged from r 2 = 0.14 for the 301
Robinson river to r 2 = 0.32 for the Mary river (Fig. 4a-c Linear mixed model analysis indicated that the slope for the fixed effects (lagged 306 SOI, lagged SST, and lagged log-rainfall) were significant (p=0.003, p<0.001, and 307 p=0.0187 respectively). The best model with a significantly (p<0.05) -2 Res Log 308
Likelihood fit statistic as well as a reduction in other fit statistics (AIC, BIC) was 309 provided by the random intercepts and a random lagged SOI slopes term, using an 310 unstructured variance-covariance matrix. The covariance between the random 311 intercepts term and the random lagged SOI slopes term was positive, indicating larger 312 intercepts had larger slopes. The addition of a random slopes term for lagged SST or 313 lagged log-rainfall did not significantly (p>0.05) add to the fit of the model. The 314 addition of a random lagged SOI slope term and its positive association with the 315 random intercepts term is basically due to the Bynoe Harbour location (-316 0.0087±0.0025, p=0.0004) ( Table 2 , Fig. 4a-c) . For all other locations the random 317 slope effects were small and not significant (p>0.05) from each other. The significant 318 random intercepts term is substantially due to the Bynoe Harbour location (1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Spectral analyses showed a 3-5 year peak in S. serrata catch. Periods of high 337 catches also occurred every 6 months consistent with seasonal cycles in catch rates. A 338 smaller peak of high catches is also discernible every two years (Fig. 6) . 339 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 season. Good rainfall in the wet season appeared to stimulate overall productivity of 368 the river system which, in turn, stimulated higher catch rates five to six months after 369 the event. Overall SOI was a better predictor than catchment rainfall or temperature 370 for NT S. serrata catches. However, an improved resolution of flow and water 371 temperature data may result in stronger relationships with S. serrata catch. Similar 372 impacts of SOI on S. serrata catches are expected for some parts of Indonesia and 373
Papua New Guinea, which are under the same general influence of the La Niña-El 374
Niño cycle. 375
The lag effect of rainfall and SOI on S. serrata catches is resulting in a catch peak 376 after six to nine month and then followed by another positive peak of catch two years 377 after a wet season with greater than mean rainfall. However, if heavy rainfall events 378 occurred (causing major flooding), a negative two-year lag effect on S. serrata catch 379 was observed in the data. This may be explained by the associated dieback of 380 seagrass beds which are an important juvenile habitat (Hill and Williams, 1982, 381 Chandrasekaran and Natarajan, 1994) resulting in a negative effect on recruitment 382 success (Webley et al., 2009) . Similarly the reduction in seagrass density can have 383 significant effects on the mortality of juvenile blue crabs, Callinectes sapidus (Wilson 384 et al., 1990) . This can be seen in the 2001 floods in the McArthur and Wearyan River 385 systems, which destroyed seagrass beds in the area and was followed by catch 386 declines in the following years. 387
By contrast, moderate increases in freshwater flow can have positive short-term 388 effects by raising catches for up to two weeks after the rainfall events; however, these 389
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Meta-analyses and spectral analyses
Adelaide Rivers being lower than that for the Robinson, Roper and McArthur Rivers 447 was distinct between these regions reflecting the differences in catch between the Gulf 448 of Carpentaria and the Arafura Sea. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 an array of flexible objects that allow the emulation of processes using constructs. 464
These processes can be direct conceptual counterparts of transition, and event, 465 processes of the actual system. WinSAAM was tested to simulate S. serrata catches 466 for the Roper River, and we found three distinct phases ( the suppression of excessively large catch rates) of 38.7% of the daily catch rate per 472 month. The phases followed a simplified SOI pattern that showed an extreme peak 473 coinciding with phase 2 of the described model supporting our findings. 474
It is possible under more tightly controlled conditions to automatically locate 475 transition points in the catch rate patterns using a delay system; however, the 476 resolution of the data precluded this approach (Stefanovski et al., 2003) . Further 477 refining, improved fitting and the combination with available models (Haddon et al., 478 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 be under-reported (i.e. people using pots in excess of the legal limit) ( 
Conclusion 507
The lack of any real effort, throughout Scylla's wide geographic range, to model 508 the fishery dynamics of this species group, needs to be addressed in future research. 509
Here we have focused on S. serrata from northern Australia but the biology and 510 ecology of the four Scylla species seem to vary (although comparative data is next to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   30   697  698  Figures and Tables  699  700  701 Fig 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   32   Table 1 . Overview of selected river system and gauge stations as well as availability 746 of freshwater runoff information and its correlation with monthly average catchment 747 rainfall. All correlations were significant at p < 0.01. 
